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ORIGINAL ARTICLE
Metagenomic analysis of rapid gravity sand filter
microbial communities suggests novel physiology
of Nitrospira spp.
Alejandro Palomo1,2, S Jane Fowler1, Arda Gülay1, Simon Rasmussen2,
Thomas Sicheritz-Ponten2 and Barth F Smets1
1Department of Environmental Engineering, Technical University of Denmark, Kongens Lyngby, Denmark and
2Department of Systems Biology, Center for Biological Sequence Analysis, Technical University of Denmark,
Kongens Lyngby, Denmark
Rapid gravity sand filtration is a drinking water production technology widely used around the world.
Microbially catalyzed processes dominate the oxidative transformation of ammonia, reduced
manganese and iron, methane and hydrogen sulfide, which may all be present at millimolar
concentrations when groundwater is the source water. In this study, six metagenomes from various
locations within a groundwater-fed rapid sand filter (RSF) were analyzed. The community gene
catalog contained most genes of the nitrogen cycle, with particular abundance in genes of the
nitrification pathway. Genes involved in different carbon fixation pathways were also abundant, with
the reverse tricarboxylic acid cycle pathway most abundant, consistent with an observed Nitrospira
dominance. From the metagenomic data set, 14 near-complete genomes were reconstructed and
functionally characterized. On the basis of their genetic content, a metabolic and geochemical model
was proposed. The organisms represented by draft genomes had the capability to oxidize
ammonium, nitrite, hydrogen sulfide, methane, potentially iron and manganese as well as to
assimilate organic compounds. A composite Nitrospira genome was recovered, and amo-containing
Nitrospira genome contigs were identified. This finding, together with the high Nitrospira abundance,
and the abundance of atypical amo and hao genes, suggests the potential for complete ammonium
oxidation by Nitrospira, and a major role of Nitrospira in the investigated RSFs and potentially other
nitrifying environments.
The ISME Journal advance online publication, 29 April 2016; doi:10.1038/ismej.2016.63
Introduction
Microorganisms have an essential role in Earth’s
global biogeochemical cycles, and they provide a
multitude of nature’s ecosystem services. Microbes
also dominate the technical systems used in waste-
water treatment, drinking-water production, waste
management and bioenergy generation (Rittmann,
2006). Although these technical systems have been
in use for many years, the study of their microbial
composition has only recently been initiated. Unra-
veling the microbial composition and processes
occurring in these systems will not only help
optimize the technical processes but can also lead
to the discovery of novel pathways and organisms.
In the era of next-generation sequencing techniques,
metagenomics-based approaches have enabled the
discovery of a suite of novel microbial pathways
(Schleper et al., 2005; Bryant et al., 2007; Ettwig
et al., 2010; Carrión et al., 2015) and the expansion of
the tree of life (Brown et al., 2015). Some of these
discoveries have been made in technical systems; for
example, novel candidate phyla and expanded
metabolic versatility have been identified in aerobic
and anaerobic bioreactors (Wexler et al., 2005; Rinke
et al., 2013; Nobu et al., 2015).
Rapid sand filters (RSFs), are engineered microbial
systems used throughout the world for the produc-
tion of drinking water from both surface and ground-
water. With sufficiently high groundwater quality,
rapid sand filtration—often in two serial filters—can
be the sole treatment of groundwater before its
distribution. Inlet water is initially aerated, which
aims to physically remove compounds such as sulfide
and methane and oxygenate the water. The main
electron donors entering the serial filters are ammo-
nia, reduced manganese and iron, small amounts of
assimilable organic carbon, and residual methane and
hydrogen sulfide (Tatari et al., 2013; Albers et al.,
2015). Most of these compounds are oxidatively
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transformed by microbes in the RSFs (Lee et al., 2014).
Hence, microorganisms colonize the filter material
and its mineral coatings (Gülay et al., 2014). In
contrast to other engineered microbial systems, such
as wastewater treatment plants and anaerobic diges-
ters, RSFs treating groundwater can be considered
oligotrophic (with influent concentrations of indivi-
dual constituents below mM) and receive predomi-
nantly inorganic electron donors, supporting
chemolithotrophic metabolisms (Gülay et al., 2016).
Central metabolic functions in RSFs have previously
been assigned to taxa based on their activity in other
environments—Nitrosomonas, Nitrospira, Gallionella
and Bacillus clades have been proposed as important
ammonium (van der Wielen et al., 2009;
Lautenschlager et al., 2014), nitrite (Gülay et al.,
2014; Albers et al., 2015; LaPara et al., 2015), iron
(Søgaard, 2001; de Vet et al., 2012; Li et al., 2013) and
manganese oxidizers (Mouchet, 1992; Cerrato et al.,
2010), respectively. Ammonia-oxidizing archaea
(AOA) have been detected in RSFs at low abundance
(van der Wielen et al., 2009; Albers et al., 2015),
although in a few examples they outnumbered
ammonia-oxidizing bacteria (AOB; Wang et al.,
2014; Nitzsche et al., 2015). However, the total AOB
and AOA densities are often insufficient to explain the
high abundances of Nitrospira relative to the ammo-
nium oxidizers (reviewed in Gülay et al., 2016). The
role of other dominant clades within RSF microbial
communities (for example, Acidobacteria, Actinobac-
teria, OD1 and Chloroflexi; Pinto et al., 2012) are,
similarly, undescribed.
Our recent investigation into the microbial com-
munities of several groundwater-fed RSFs (Gülay
et al., 2016) revealed an astonishing and consistent
abundance and microdiversity of Nitrospira spp.
over all other taxa: up to 27% of all amplicons in pre-
filters and up to 45% in after-filters were unambigu-
ously identified as Nitrospira of lineages I, II and IV,
although most phylotypes belonged to previously
undescribed lineages. In addition, the Rhizobiales,
Chloracidobacterium, Da023, Acidimicrobiales,
Gemmatimonadales and Burkholderiales taxa were
abundant, suggesting a central, yet to be identified,
metabolic role for those taxa. Here, we apply shotgun
metagenomic sequencing on replicate samples from
an after-filter of one of the earlier described water-
works, where Nitrospira accounted for 65% of the
total amplicon abundance (Gülay et al., 2016), to
determine the putative metabolic role of the Nitros-
pira clade and to elucidate the potential functions of
the dominant taxa in investigated RSFs. We focused
on two primary questions: can Nitrospira use
any other energy source beyond nitrite in the RSFs?
And which taxa contribute the central functions in
the RSF? The metagenomic data set was assembled
and a microbial gene catalog was constructed
describing the community metabolic potential. By
reassembly of taxonomically clustered contigs, we
were able to identify and obtain 14 near-complete
draft genomes for members of several abundant taxa
described in Gülay et al. (2016). A highly abundant
composite Nitrospira genome was identified, which
harbored genes for complete ammonium oxidation.
Materials and methods
Sample collection and extraction of DNA
The studied waterworks follows a treatment chain
consisting of aeration and two sequential filtration
steps. The aerated water flows downward through
a first RSF, designed to remove ferrous iron, and
then through a second RSF. DNA samples obtained
from the study of Gülay et al. (2016) were subjected
to shotgun metagenomic sequencing. Briefly, filter
material samples were taken from Islevbro water-
works in Denmark and collected using a 60-cm-long
core sampler 6 days after filter backwash. Core
samples were obtained at three random positions in
the filter to obtain biological replicates. Samples
were extruded and sliced into five sections asepti-
cally (0–5, 5–15, 15–25, 25–35 and 35–45 cm). DNA
extracts from the top section (0–5 cm, ISLTop) were
used to represent the uppermost microbial commu-
nity. For each replicate, a composite DNA sample
was generated by mixing equal volumes of DNA
extracts of the other core sections (5–45 cm, ISLBulk)
to represent the microbial community deeper in the
filter. Thus, three samples from the top and three
from the bulk of the filter were obtained.
Library preparation, sequencing and de novo assembly
DNA-shearing and library preparation were per-
formed according to the NEXTflex Rapid DNA-Seq
Kit, V13.08 (Bioo Scientific, Austin, TX, USA). Briefly,
250 ng genomic DNA was sheared with the Covaris
E210 System using 10% duty cycle, intensity of 5,
cycles per burst of 200 for 300 s to create 200-bp
fragments. The samples were end-repaired and ade-
nylated to produce an A-overhang. Adapters contain-
ing unique barcodes were ligated to the DNA. The
samples were purified using bead-size selection for
range ~300–400 bp with the Agencourt AMPure XP
beads (Beckman Coulter, Beverly, MA, USA). The
purified DNA libraries were amplified according to
the manufacturer’s protocol: initial denaturation,
(2min, 98 °C), followed by 12 cycles of denaturation
(98 °C, 30 s), annealing (65 °C, 30 s), extension (72 °C,
1min) and final extension (72 °C, 4min). DNA was
quantified using NanoDrop ND-1000 UV-VIS Spectro-
photometer (Thermo Fisher Scientific, Waltham,
MA, USA), and quality was checked on an Agilent
2100 Bioanalyzer using the High Sensitivity DNA kit
(Agilent Technologies, Santa Clara, CA, USA). The
DNA libraries were mixed in equimolar ratios.
Sequencing was performed as a 100-bp pair-end run
on HiSeq 2000 (Illumina Int., San Diego, CA, USA) at
BGI (Copenhagen, Denmark). Trimmomatic v0.22
(Bolger et al., 2014) was used to remove adapters
and trim the reads (threshold quality =15; minimum
Metagenomic analysis of rapid gravity sand filter
A Palomo et al
2
The ISME Journal
length=45). Quality control was carried out using
FastQC (Babraham Bioinformatics (http://www.bioin-
formatics.babraham.ac.uk/projects/fastqc/)). High-qual-
ity reads from each sample were assembled into
scaftigs using IDBA-UD (Peng et al., 2012) with default
parameters. High-quality reads of each sample have
been submitted to MG-RAST using the ‘join fastq-
formatted paired-reads’ option retaining the nonover-
lapping reads. They can be found under accession
numbers 4629971.3, 4622590.3, 4629689.3, 4631157.3,
4630162.3 and 4631739.3.
Construction of a non-redundant gene catalog and
quantification of reference gene abundance
Gene calling on the assembled scaftigs was
performed using the metagenome implementation
(‘-p meta’) of Prodigal 2.50 (Hyatt et al., 2010).
Predicted genes from all samples (2.85 M in total)
were clustered using UCLUST (Edgar, 2010). Any
two genes with greater than 90% nucleotide
identity were clustered together, resulting in a set
of 1 242 515 non-redundant genes. High-quality
reads were mapped to the reference gene catalog
using Burrows–Wheeler Aligner (Li and Durbin,
2010), BWA-MEM. Mapped reads were subsequently
filtered by removing those with a poor alignment
(− q30). The remaining mapped reads were used to
form an abundance matrix of the number of reads
mapped to each gene in every sample. When both
read pairs mapped to the same gene, it was counted
as a single hit. If each pair mapped to different genes
then this is counted as a hit to each gene. The
abundance matrix was normalized based on data set
size and gene length.
Taxonomic and functional annotation of the gene
catalog
Predicted coding sequences were annotated using
USEARCH (Edgar, 2010) –ublast against the UniProt
database (best hit with Eo1e−5, Bitscore460 and
sequence similarity430%). An amino-acid similarity
of 65% or higher was used as a threshold for phylum-
level assignment (Li et al., 2014). Clusters of ortholo-
gous groups (COG) and non-supervised orthologous
groups (NOG) annotations of unassembled sequences
were conducted in MG-RAST (Eo1e−5, sequence
similarity 430%; Meyer et al., 2008) and compared
with 25 metagenomes randomly selected from MG-
RAST from five pre-selected biomes (Supplementary
Table S1).
Binning, composite genome assembly and annotation
For each sample, contigs larger than 1000 nucleo-
tides were clustered into putative taxonomic groups
based on pentanucleotide signatures using VizBin
(Laczny et al., 2015). Contigs of the resultant clusters
were used to recruit sequence reads from the original
quality-filtered data set. Recruited reads in each
cluster were de novo assembled as described above
to construct composite genomes (CGs). Resultant
reconstructed CGs were manually evaluated through
contig depth and GC content to validate accurate bin
segregation. Completeness and potential contamination
of each CG was evaluated using 107 essential single-
copy genes (Albertsen et al., 2013). When the same draft
CG could be reconstructed from several samples the one
best assembled, most complete, and with lowest
contamination was retained. To improve assembly of
higher-abundance organisms, taxonomic clusters were
subsampled by segregation based on read depth and
were subjected to de novo assembly. The best assem-
blies were selected based on N50, completeness and
taxonomic affiliation of single-copy genes (for further
details see Supplementary Information). CGs that
contained at least 75% of the single-copy genes were
further analyzed. Genomes were identified to appro-
priate taxonomic levels based on two approaches: (i) A
set of 107 essential single-copy genes were blasted
(BLASTP, Eo 1e 5) against the NCBI-nr database with
follow-up analysis inMEGAN (Huson andWeber, 2013)
to identify the lowest common ancestor of the blast
output, (ii) using the standard settings of PhyloSift
(Darling et al., 2014). A taxon was assigned when at
least 75% of the identified essential single-copy genes
resulted in a concordant taxonomy. For genomic
comparison between CGs and reference genomes, the
average amino-acid identity (AAI; Konstantinidis and
Tiedje, 2005) was calculated based on reciprocal best
hits (two-way AAI) between two genomic data sets of
proteins using the AAI calculator (http://enve-omics.ce.
gatech.edu/aai/). The relative abundance of the organ-
isms represented by the CGs was calculated bymapping
the original, quality-filtered reads from each sample
against the CG sequence. Gene calling and annotation of
CGs was conducted as described above. Furthermore, to
confirm protein functional assignment, Kyoto encyclo-
pedia of genes and genomes (KEGG) annotations of the
predicted proteins in each CG were obtained using the
WebMGA server (Wu et al., 2011). Presence of glycoside
hydrolases and extracellular peptidases was evaluated
by dbCAN (Eo1e −5 and cover fraction40.4; Yin et al.,
2012) and MEROPS (Eo1e−10; Rawlings et al., 2014),
respectively.
Phylogenetic analysis of ammonium oxidation genes
Predicted amino-acid sequences from the metage-
nomic samples and CGs were aligned with reference
sequences using MUSCLE (Edgar, 2004) or T-Coffee
(Notredame et al., 2000). Multiple alignments were
manually revised before phylogenetic analysis. Boot-
strapped maximum likelihood trees were constructed
in MEGA6 using the Jones Taylor Thornton model
with 100 replicates (Tamura et al., 2013).
Results and discussion
Metagenomic assembly and taxonomy
We sequenced whole-community DNA for six
samples from a RSF (three samples from the top
5 cm of the filter, ISLTop and three composite
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samples representing filter depths from 5 to 45 cm,
ISLBulk), generating an average of 2.6 ± 0.1 Gbp of
high-quality, paired-end sequence data per sample.
The estimated abundance-weighted average cover-
age (Rodriguez-R and Konstantinidis, 2014) of the
top and bulk metagenomes were 62% and 82%,
respectively (Supplementary Figure S1), indicating
that the majority of the microbial community was
captured in the study. Reads from each data set were
de novo assembled, producing an average of 293 391
contigs (Table 1). Prediction of coding sequences
resulted in an average of 475 155 putative genes per
data set, which were combined across the six samples
to a non-redundant gene catalog of 1 242 515 genes.
The annotation of the non-redundant gene catalog
yielded a total of 768 197 genes with function assigned
(Table 1).
Within all of the communities, Bacteria were by far
the most abundant domain (ISLBulk, 97.85±0.23;
ISLTop, 98.63±0.02). Archaea represented less than
1% of the filter community in both top and bulk
samples (ISLBulk, 0.74±0.10; ISLTop, 0.43±0.02),
consistent with previous studies examining the micro-
bial communities in rapid gravity filtrations filters (Bai
et al., 2013; Wang et al., 2014) and with a previous
pyrosequencing analysis of the same community
(Gülay et al., 2016). At the phylum level, Proteobac-
teria and Nitrospirae dominate bulk sample commu-
nities with a relative abundance of 18.93%±1.31%
and 9.22%±4.72%, respectively; in the top of the filter
these phyla were also dominant, with Nitrospiraemost
abundant (26.08%±0.94%), followed by Proteobac-
teria (14.47%±1.07%; Figure 1). These results are in-
line with other observations of very high Nitrospira
abundances (13% to 50% of all community 16S rRNA
amplicons or clones) in similar oligotrophic water
treatment and distribution systems (Martiny et al.,
2005; White et al., 2012; LaPara et al., 2015;
Gülay et al., 2016).
ISLBulk samples had higher alpha diversity and
evenness than ISLTop samples. The average Shannon
index for ISLBulk was 6.02 ± 0.40, whereas for
ISLTop samples it was 4.37 ± 0.10. On the other
hand, the Pielou evenness was 0.71 ± 0.05 in ISLBulk
and 0.52±0.02 in ISLTop. Together, these results
indicate a stratified distribution in the filter environ-
ment: the top-few centimeters of the filter are
dominated by a few phylotypes—potentially involved
in the removal of most of the groundwater contami-
nants (Gülay et al., 2016)—whereas the remainder of
the filter contains a higher diversity of less dominant
microbes.
The functional potential of the RSF communities
The functional potential of the RSF microbial
communities was contrasted with 25 metagenomes
from different natural and engineered biomes
(Supplementary Table S1) by comparison of COG
and NOG categories (Supplementary Figure S2). This
analysis showed that the RSF microbial community
has relatively high proportions of chaperones and
genes involved in post-translational modification
and protein turnover (category O) as well as
coenzyme transport and metabolism (H). These two
categories have been detected to be abundant in
oligotrophic ecosystems in comparison with higher
Table 1 Metagenome characteristics and general features of the gene catalog from the RSF samples
Metagenome characteristics Top1 Top2 Top3 Bulk1 Bulk2 Bulk3
Sequenced reads (100 bp, millions) 29.69 30.62 33.35 30.89 30.26 33.54
Reads after quality filtering (millions) 24.72 25.80 27.95 25.01 24.33 26.93
Contigs 267 037 267 411 295 824 285 059 319 719 325 297
Mean size 822 814 833 875 854 906
N50 1104 1102 1184 1157 1028 1198
Predicted CDS 459 432 419 534 470 333 459 469 508 071 534 092
Non-redundant CDS 1 242 515
Assigned putative functions 768 197
Average assigned putative function length 163±120
% Reads mapped to gene catalog 76.31 79.29 75.50 68.80 60.83 62.61
Abbreviations: CDS, coding sequences; RFS, rapid sand filter.
Non-redundant predicted CDS from different samples were merged into a single gene catalog.
Figure 1 Average relative occurence (%) of the most abundant
phyla in top 5 cm (ISLTop, outer circle) and lower regions of filter
(ISLBulk, inner circle) based on best blast hits of predicted protein
sequences from the gene catalog to the Uniprot database
(65% amino-acid identity for phylum-level assignment).
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nutrient availability ecosystems (Ortiz et al., 2013).
The abundance of chaperones may help bacteria to
deal with low nutrient availability and have been
related to environmental stress tolerance (Storz and
Hengge, 2011). The high abundance of secondary
metabolism genes (Q) together with the low number
of genes associated with transcription (K) in the filter
samples is consistent with another study in which
these two categories differentiated oligotrophic from
copiotrophic microorganisms (Lauro et al., 2009).
The abundance of transposases in the RSF metagen-
omes was striking: they accounted for 1.18%±0.09%
and 1.49%±0.04% of the total annotated genes in the
ISLBulk and ISLTop, respectively, substantially higher
than in a study of 2137 complete genomes where the
average transposase abundance was 0.83% (Aziz et al.,
2010). The high number of transposases may be
associated with the filter environment, as mobile
genetic elements have been found with greater
prevalence in surface-attached communities (Stewart,
2013; Madsen et al., 2012). Thus, transposases could
provide the means by which phylogenetically distinct
bacteria share genetic material, facilitating functional
similarities as has been suggested in other studies
(Hooper et al., 2009).
Potential for inorganic electron-donor usage by the
microbial community was inferred from the relative
abundance of specific marker genes (Figure 2).
Ammonium and nitrite oxidation were the dominant
potential electron-donor processes in ISLTop. In
ISLBulk potentials for the oxidation of ammonium,
nitrite, reduced sulfur species, manganese and, to a
lesser extent, methane, iron and hydrogen oxidation
were more equal in abundance. This is consistent
with experimental observations that nitrification is a
dominant biogeochemical process in the first few
centimeters of these filters (Tatari et al., 2013; Lee
et al., 2014). Given the abundance of the ammonium
oxidation potential, we investigated the phylogenetic
diversity of amoA (as marker gene of ammonium
oxidation) including reference amoA sequences and
amoA genes recovered from the gene catalog
(Figure 3). The RSF metagenome amoA sequences
separated into four different clusters. In all, 1% and
7% (ISLBulk and ISLTop, respectively) of amoA
genes were related to a cluster of oligotrophic AOB
Nitrosomonas spp. including strain Is79A3 and N.
oligotropha. Ammonia-oxidizing archaea-associated
amoA made up 1% of the amoA in the ISLBulk
samples; however, this cluster was not detected in
the top of the filter. amoA associated with hetero-
trophic ammonia oxidizers made up 46% and 12%
of all amoA (ISLBulk and ISLTop, respectively).
Finally, the majority of the amoA genes (52% of
amoA genes of the ISLBulk and 81% in ISLTop)
could not be assigned to any known ammonia-
oxidizing prokaryote (AOP) clades (40% dissimilar
to known AOB at the protein level). Representative
pmoA reference sequences were included to reject
the possible misclassification of amoA sequences
with the marker gene of methane oxidation, as they
share substantial sequence similarity (Holmes et al.,
1995). Consistent clustering patterns were observed
for other ammonium oxidation-related genes: amoB,
amoC and hao genes clustered with the character-
ized AOP clades, as well as an additional novel clade
(Supplementary Figure S3).
In addition to potential electron-donor usage, we
also investigated potential electron-acceptor usage
(Figure 2). As expected from the predominantly
aerobic conditions within the filters, cytochrome c
oxidases involved in oxygen reduction accounted for
around 80% of genes involved in electron-accepting
processes. Genes involved in the reduction of nitrogen
oxides (NO3− and NO2−) were also relatively abundant
in the gene catalog, showing the capacity of certain
members of the community to use alternate electron
acceptors under anoxic or micro-oxic conditions.
As the majority of characterized nitrifiers are
autotrophic, we examined the diversity and relative
abundance of genes for carbon fixation pathways in
the gene catalog. The reverse tricarboxylic acid cycle
(rTCA) pathway was dominant (Figure 2). The
rTCA pathway is not found in typical AOB and
Alphaproteobacterial nitrite-oxidizing bacteria (both
Figure 2 Log-transformed relative abundances of marker genes
for carbon fixation pathways, electron donors and electron
acceptors in top 5 cm (ISLTop) and lower regions of filter
(ISLBulk). Marker genes used for carbon fixation pathways were
RuBisCo (CBB cycle), pyruvate: ferredoxin oxidoreductase
(reverse TCA cycle) and 4-hydrocybutyryl-CoA dehydratase
(4-hydroxybutyrate cycle).
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have the Calvin–Benson–Bassham (CBB) cycle
(Badger and Bek, 2007)), but is characteristic of the
Nitrospira genus. In fact, all marker genes of the rTCA
cycle found in the catalog were taxonomically
assigned to Nitrospira spp. Carbon fixation via the
CBB cycle was the second most abundant. The CBB
genes displayed a wider phylogenetic diversity. The
4-hydroxybutyrate cycle pathway was also detected
but was rare (Figure 2). Genes of the acetyl-CoA or 3-
hydroxypropionate carbon fixation pathway were not
detected in the gene catalog. These results further
underline the dominance ofNitrospira spp. among the
autotrophic organisms in the examined filters.
Genome reconstruction and identification
Assembled contigs (length41000 bp) from each sam-
ple were used to generate taxonomically restricted
bins using pentanucleotide frequency (Laczny et al.,
2015; Figure 4 and Supplementary Figure S4).
Figure 3 Phylogenetic reconstruction of amoA and pmoA reference protein sequences with putative amoA sequences recovered from the
metagenomes (bold). Relative abundance of putative amoA clusters in the metagenomes is shown with colors corresponding to
phylogenetic groups. Bootstrap support greater than 60 is indicated (based on 100 replicates).
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Genomic coverage and GC content were analyzed to
validate bin segregation. Fourteen near-complete
(475% of essential genes) draft genomes were recon-
structed from the metagenomic data sets (Table 2).
Reconstructed genomes were classified as Betaproteo-
bacteria (CG5, CG13 and CG26), Alphaproteobacteria
(CG3, CG18 and CG6), Acidobacteria (CG10 and
CG15), Nitrospirae (CG24), Gammaproteobacteria
(CG7), Gemmatimonadetes (CG33) and Planctomycetes
(CG4). Two of the recovered genomes could not be
classified to currently defined phyla (CG1 and CG2).
Nitrospira CG24 and Acidobacteria CG15 represent
bins containing more than one genome based on the
presence of multiple single-copy genes (Supplementary
Table S2). The difficulty to separate these genomes
probably resides in the existence of microdiversity,
which is a hindrance to genome reconstruction and
segregation from metagenomic data (Wilmes et al.,
2009).
Composite genomes were genetically compared
with their most closely related reference genomes
(Supplementary Table S3). On the basis of average
AAI, just two of the genomes had values approaching
the species level of 85% (Luo et al., 2014). CG7 had an
AAI of 78%±17% with Methyloglobulus morosus,
and CG26 had an AAI of 87%±15% with Nitrosomo-
nas sp. IS79. This analysis suggests that most of the
draft genomes described herein are not closely related
to previously sequenced organisms.
The most abundant CG both in ISLTop and
ISLBulk samples wasNitrospira CG24, with an average
abundance of 29.59% and 9.57%, respectively. CG10,
affiliated to Acidobacteria subdivision 4, had a relative
read proportion of 2.45% in the top of the filter and
2.43% in bulk samples. Burkholderiales CG13 and
Rhizobiales CG3 appeared with greater than 1%
abundance in both ISLTop and ISLBulk.Acidobacteria
CG15 bin accounted for 5.37% of the reads in ISLBulk
and the 0.70% in ISLTop. In addition, Betaproteobac-
teria CG5 and a poorly classified CG (CG1) were
present with greater than 2% abundance in the bulk
samples (Table 2).
Composite-genome metabolic potential
The metabolic potential of CGs was examined,
focusing on energy and carbon metabolism, includ-
ing electron donor, electron acceptor and carbon
fixation pathways (Supplementary Figure S5).
Ammonium and nitrite oxidation
The near-complete CG26 contained a complete ammo-
nia monooxygenase (amoCAB) operon. However, the
gene set lacked hao (hydroxylamine oxidase), possibly
because the genome was not complete. The Nitroso-
monas bin encoded genes for the CBB cycle. Further-
more, it harbored an aa3-type cytochrome oxidase and
nitrite reductase (nirK). The closest relative to CG26
was Nitrosomonas sp. Is79 (AAI of 87%±15%),
a strain adapted to low ammonium concentrations
(Bollmann et al., 2013).
CG24, a Nitrospira cluster, composed of five
genomes (Supplementary Table S2), contained nitrite
oxidoreductase (nxr) genes as well as cytochrome bd-
type oxidase involved in oxygen reduction. This bin
also encoded for nitrite reductase (NO-forming). CG24
harbored genes for the reductive citric acid cycle
Figure 4 Scatter plot of contigs (⩾1 kb) assembled from metagenomic reads from sample Top2. Individual points represent contigs, with
point size proportional to the natural log of contig length, and opaqueness proportional to the natural log of contig coverage. The manually
placed red polygons highlight selected clusters used for the assembly of CGs as marked. A star shape highlights contigs annotated to
contain the amoA (red) and nxrB (yellow) genes.
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(rTCA) involved in carbon fixation. In addition, it
contained NAD+-dependent formate dehydrogenase
and formate transporters, suggesting that it could
oxidize formate coupled with the reduction of oxygen,
nitrate or nitrite under anoxic conditions, as has been
observed in other Nitrospira sp. (Koch et al., 2015).
Another feature recently found in Nitrospira, which
was also encoded in this bin, is urease which is
involved in the hydrolysis of urea into ammonia and
carbamate (Koch et al., 2015). CG24 contained urease
subunits alpha, beta and gamma. Furthermore, it
encoded chlorite dismutase, an enzyme involved in
the conversion of chlorite to chloride and molecular
oxygen. Surprisingly, Nitrospira CG24 also harbored
three complete ammonia monooxygenase (amoCAB)
operons. Considering the novelty of this finding,
scaffolds were visualized for evenness of mapped
read depth to identify potential chimeric regions using
Integrative Genome Viewer (Thorvaldsdottir et al.,
2013). The visualization revealed homogeneity of read
depth with other genes in the same scaffold and with
other scaffolds in the same bin (Supplementary
Figure S6). These were the most abundant amo genes
in the gene catalog; however, they shared low identity
with those previously described in classical AOB (and
are therefore referred to as atypical-AMOX genes
(Figures 3 and 5 and Supplementary Figure S3)). In
comparison, typical AOB amo genes (here referred to
as typical-AMOX genes) accounted for a low percen-
tage of total amo genes. The same pattern was
observed for other genes involved in ammonia
oxidation (Supplementary Table S4). To rule out
potential contamination during genome binning,
depth and GC content of atypical-AMOX genes and
typical-AMOX genes were compared with average
depth and GC content of Nitrospira CG24 and
Nitrosomonas CG26 (Supplementary Figure S7). In
both cases, the distribution of atypical-AMOX genes
was identical to Nitrospira CG24 (Wilcoxon test,
P-value40.05) but different from Nitrosomonas CG26.
The comparison was also performed with other draft
genomes, but none of them presented similar distribu-
tions (Supplementary Figure S7). To further support
these findings, the covariance between the abundance
of genes of interest (Supplementary Table S4) in the
gene catalog and investigated bins (CG24 and CG26)
along the six samples was analyzed. All atypical-AMOX
genes statistically correlated with Nitrospira CG24
(R240.97–0.99, P-valueo0.001) but not with
Nitrosomonas CG26 (R240.24–0.51, P-value40.1;
Supplementary Figure S7). Together, these results
strongly support the finding that Nitrospira CG24
contains genes encoding for ammonia oxidation.
Nitrospira CG24 was compared with two other
Nitrospira genomes based on average AAI. CG24 has
70% AAI with N. moscoviensis and 65% with
‘Candidatus Nitrospira defluvii’ (Supplementary
Figure S8). These AAIs are far from the 85%
species-level cutoff value but would comply with
genus-level similarity (60–80%; Luo et al., 2014).
Thus, CG24 would represent a different species of
the Nitrospira genus. An amo operon-containing
contig from CG24 was compared with amo operons
and flanking regions from Nitrosomonas sp. IS79
(the reference genome most closely related to the
AOB found in this RSF) and an AOB reference
genome from another genus (Nitrosospira multi-
formis). Predicted amino-acid sequence identities
were highest for amoC, which shared 70% and 71%
identity with Nitrosomonas and Nitrosospira,
respectively. Identity was lower for amoA and amoB,
ranging from 56% to 59%, respectively (Figure 5).
This is in contrast to the amo AAI between
Nitrosomonas and Nitrosospira spp., which are
upwards of 80%. These results suggest that, whereas
these proteins still share a common function, they
Table 2 Characteristics of composite genomes reconstructed from the RSF metagenomes
ID Phylogenetic affiliationa No. of
contigs
Genetic
size (Mb)
N50 GC
(%)
Average
sequencing
depth
No.
of
genes
No. of
single-
copy
genesb
No. of multiple
single-copy
genes
Relative
abundance
(%)
TOP/BULK
CG7 Methylococcaceae 790 3.6 9864 48 14 3883 104/105 5 0.94/0.40
CG10 Acidobacteria subdivision 4 268 4.2 66 255 52 41 4015 104/106 4 2.45/2.43
CG5 Betaproteobacteria 1228 4.4 17 803 65 22 4938 104/106 13 0.45/2.13
CG1 Bacteria 897 5.6 25 218 69 18 5009 101/105 2 0.55/2.30
CG3 Rhizobiales 528 3.7 18 144 64 16 3754 99/105 3 1.14/1.44
CG33 Gemmatimonadetes 1567 4.5 8048 67 21 5141 96/104 8 0.30/1.91
CG2 Bacteria 868 2.8 4962 63 10 3062 91/105 3 0.14/0.57
CG13 Burkholderiales 540 5.1 19 632 68 15 5132 90/106 1 1.68/1.64
CG6 Alphaproteobacteria 871 2.0 3722 39 8 2502 88/105 4 0.21/0.06
CG4 Planctomycetaceae 1632 6.3 7253 62 10 6136 87/102 7 0.43/1.36
CG26 Nitrosomonas 1728 3.3 4142 43 10 4378 81/106 14 0.33/0.04
CG18 Sphingomonas 873 3.1 11 151 61 17 3666 80/105 6 0.91/0.53
CG24c Nitrospira 17 640 22.4 2136 56 70 33 880 105/105 102 29.59/9.57
CG15c Acidobacteria 2078 10.0 55 629 65 27 10 572 103/105 98 0.70/5.37
Abbreviation: RSF, rapid sand filter.
aA taxon was assigned when at least 75% of the identified essential single-copy genes resulted in a concordant taxonomy.
bThe number is given in relation to the average number of essential genes in all sequenced finished genomes in the given phylum (Albertsen et al., 2013).
cRepresent multiple genomes from the same clade.
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are derived from a more distantly related clade.
Examination of the neighboring regions of the amo
operon in CG24 revealed no similarity with neigh-
boring regions in the Nitrosomonas and Nitrosospira
genomes (Figure 5).
Methane oxidation
A reconstructed genome CG7 contained particulate
methane monooxygenase (pmo) and methanol
dehydrogenase (mdh). This draft genome possessed
the electron transport chain as well as aa3-type and
bd-type cytochrome oxidases. In relation to carbon
metabolism, it encoded for the TCA cycle, pentose
phosphate pathway and Entner–Doudoroff pathway.
On the basis of this genetic content, CG7 likely
thrives on residual methane present in the water.
Oxidation of reduced sulfur, manganese and iron
A genomic bin (CG13) associated with Burkholderiales
encoded dissimilatory sulfite reductases (dsrA and dsrB)
for sulfide oxidation as well as adenylylsulfate reduc-
tases (aprA and aprB) and sulfate adenylyltransferase
(sat) for complete oxidation of sulfite to sulfate.
CG13 carried genes for near-complete CBB cycle,
including ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO) gene. CG13 contained cyto-
chrome cbb3-type oxidase, periplasmic nitrate
reductase (napA) and nitrite reductase (NO-forming).
Furthermore, this genome contained mtrAB genes
with homology (amino-acid sequence identity from
29% to 55%) to those found in lithotrophic iron-
oxidizing bacteria (Jiao and Newman, 2007;
Beckwith et al., 2015). Thus, CG13 could be involved
in the oxidation of ferrous iron, although the
presence of mtrABC (periplasmic and outer mem-
brane cytochromes) could also indicate electron
transfer to minerals (Weber et al., 2006; Gülay
et al., 2014). The CG13 bin also contained multi-
copper oxidases homologous (60–75% at the protein
level) to those found in the known manganese
oxidizers Leptothrix cholodnii str. SP-6 and Pedo-
microbium sp. ACM 3067, suggesting a potential
capacity for manganese oxidation.
Rhizobiales CG3 encoded for two multicopper
oxidases with sequence identity (59% to 75% at
protein level) related to those found in the manga-
nese oxidizer Aurantimonas manganoxydans SI85-
9A1 (Dick et al., 2008). CG3 encoded for cytochrome
Figure 5 Comparison of amo operons and surrounding regions of Nitrosomonas sp. IS79A3 and Nitrosospira multiformis with putative
amo operon-containing contig belonging to CG24/Nitrospira sp. draft genome.
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cbb3-type oxidase and nitrate reductase (narG). Rhizo-
biales CG3 also harbored genes of the TCA cycle,
pentose phosphate pathway (non-oxidative phase) and
beta oxidation pathway. Moreover, this genetic bin
possessed extracellular peptidase and glycoside hydro-
lases involved in protein and carbohydrate metabolism,
respectively (Supplementary Figure S9). These genetic
features together with the absence of any carbon fixation
pathway suggest the potential use of Mn2+ as an energy
source, coupled to organic compound degradation as
a carbon source. This chemolithoheterotrophic behavior
has previously been observed in other manganese
oxidizers (Francis et al., 2001; Templeton et al., 2005).
Heterotrophy/organic carbon degradation
To explore the capability of the microbial community
to degrade organic carbon present in the influent
water as well as products derived from microbial
growth and decay, we screened reconstructed gen-
omes for carbon metabolism pathways, glycoside
hydrolases, extracellular peptidases and sugar and
amino-acid transporters. Most of CGs encoded for
complete or near-complete TCA cycle, beta oxidation
and glycolysis pathways. Partial or complete pentose
phosphate pathways were also present in most of the
CGs. On the other hand, the Entner–Doudoroff path-
way was less abundant, being complete, or mostly
complete in only four of the CGs. In relation
to glycoside hydrolases, most of the CGs
contained genes for the degradation of cellulose,
peptidoglycan, N-acetylglucosamine and starch
(Supplementary Figure S9). Glycoside hydrolases
were particularly abundant and diverse in both
Acidobacteria CG15 and CG10 and Planctomyceta-
ceae CG4. Reconstructed genomes CG1 and Sphin-
gomonas CG18 had glycoside hydrolases for the
degradation of hemicellulose. Furthermore, extra-
cellular peptidases were present in most of CGs.
CG1, Gemmatimonadetes CG33 and Acidobacteria
CG10 possessed several genes of different families of
extracellular peptidases potentially involved in the
decomposition of bacterial cell walls and proteins
(Supplementary Figures S8 and S9). These observa-
tions, together with the presence of sugar (CG10, CG2,
CG1 and CG4) and amino-acid (CG15 and CG3)
transporters in several of the reconstructed genomes,
indicate the potential of several of the CGs to degrade
and uptake organic carbon in this system. In parti-
cular, the high diversity of genes involved in
carbohydrate degradation and uptake in CG1 and
both Acidobacteria CG15 and CG10 combined with
their high abundance suggests that these organisms
may have a key role in organic carbon flow in
the filter.
Predicted metabolic and geochemical model
On the basis of metabolic reconstruction of CGs and the
chemical characteristics of the RSF, a metabolic and
geochemical model of the RSF community is presented
(Figure 6). Reconstructed genome Methylococcaceae
CG7 could be involved in methane oxidation, as
methane may not be completely stripped during
aeration. Burkholderiales CG13 harbors the metabolic
capabilities to realize complete oxidation of sulfide to
sulfate and may be also associated with autotrophic
manganese and iron oxidation. The ability to oxidize
Fe2+ and Mn2+ indiscriminately has also been observed
in other bacteria (Gouzinis et al., 1998). Manganese
could potentially also be oxidized by the heterotrophic
Rhizobiales CG3. A large number of CGs encoded
heterotrophic metabolisms, which are likely involved
in the degradation of organic molecules present in the
groundwater or the decay and metabolic by-products of
autotrophic biomass. Ammonium in the filter could be
oxidized by the typical autotrophic AOBNitrosomonas
CG26. The nitrite produced by CG26 could then be
utilized by Nitrospira CG24. However, given its
metabolic potential, the dominance of Nitrospira
CG24 and the high abundance of Nitrospira-AMOX
genes compared with other AMO genes, Nitrospira
CG24 might mediate complete ammonium oxidation in
this system. This would be in agreement with the
suggestion that a microorganism that completely
oxidizes ammonia to nitrate exists (Costa et al., 2006).
The Nitrospira abundance observed in this study is
consistent with earlier pyrosequencing and quantitative
PCR-based analysis of the same system, where
abundances of up to 65% and 18%, respectively,
were measured, and Nitrospira 16S rRNA gene
sequences were often up to two orders of magnitude
more abundant than Nitrosospira and Nitrosomonas
16S rRNA sequences combined (Gülay et al., 2016).
Further, ammonium oxidation Nitrospira activity may
help to explain the high abundance of Nitrospira and
the unusual Nitrospira/AOB ratios observed in other
rapid gravity filters (Feng et al., 2012; Albers et al.,
Figure 6 Model of predicted metabolic and geochemical pro-
cesses facilitating the degradation of groundwater contaminants in
rapid gravity sand filters based on metagenomic analysis. Gray
arrows denote metabolic capability, whereas blue arrows denote
putative metabolic capability.
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2015; Cai et al., 2015; LaPara et al., 2015). Whereas
Nitrospira may be the primary ammonium oxidizer,
the high abundance of heterotrophic amoA sequences,
especially in the bulk samples, suggests that hetero-
trophic ammonium oxidation may also occur in
the RSFs.
During the revision of this manuscript, evidence
of complete ammonia oxidization (comammox) by
Nitrospira organisms was described by others (Daims
et al., 2015; van Kessel et al., 2015). Metagenomic
evidence of comammox Nitrospira in a drinking water
distribution systemwas reported by Pinto et al. (2016).
Average AAI of CG24 was compared with the
recently published comammox genomes: Nitrospira
CG24 would represent a different species within the
Nitrospira genus (AAI of 68%±16% with ‘Candidatus
Nitrospira inopinata’, 71±16% ‘Candidatus Nitrospira
nitrosa’, 73±17% ‘Candidatus Nitrospira nitrificans’
and 75±18% with the Nitrospira sp. genome from a
drinking-water system) sharing the metabolic potential
for complete ammonia oxidation. As CG24 consisted of
more than a single genome, we investigated the
heterogeneity within CG24. We examined the average
number of essential single-copy genes and amo operons
(one in recently published comammox genomes; Daims
et al., 2015; Pinto et al., 2016; van Kessel et al., 2015)
present in CG24. The Nitrospira bin CG24 has an
average of 4.7 essential single-copy genes and three amo
operons. On the basis of this, we predict that approxi-
mately three out of the five potential genomes repre-
sented by CG24 are complete ammonia oxidizers.
Although we were unable to assign the comammox
Nitrospira in this system to a specific lineage, previous
analysis of this system revealed that the majority of
Nitrospira sequences in this filter belong to novel
lineages (Gülay et al., 2016). Thus, we predict that the
comammox Nitrospira present in this system may
belong to a novel lineage, and not to lineage II as for
other described comammox Nitrospira. Further sequen-
cing of the comammox Nitrospira in this system is
required to elucidate the lineage of the comammox
Nitrospira described herein. In conclusion, our metage-
nomic survey provides insights into the metabolic
capabilities of the microbial communities in an oligo-
trophic engineered system. Genome reconstructions
allowed us to predict the roles of dominant community
members in nitrogen, carbon, manganese, iron, methane
and sulfur cycling—the main biological processes
occurring in the sand filters. The results of our analysis
point toward the novel metabolic capability of complete
ammonia oxidation in the genus Nitrospira, which was
highly abundant and ubiquitous in the investigated
RSFs.
The metabolic and geochemical model of the RSF
microbial communities can be used to inform further
modeling efforts with the ultimate goal of enhancing
contaminant removal and improving the design or
function of RSFs. Improved understanding of the
function of novel taxa in RSFs may be of considerable
utility in restoring malfunctioning filters where
common microbiological data have, thus far, been
insufficient to explain the observed patterns of
contaminant removal. Transcriptomic analysis of the
RSFs will help to validate the predictions made in this
study and to elucidate the ecological importance of
the various taxa and functions in RSFs.
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